Rotator cuff disease is a degenerative disorder that is a common, costly, and often debilitating, ranging in severity from partial thickness tear, which may cause pain, to total rupture, leading to loss in function. Currently, clinical diagnosis and determination of disease extent relies primarily on subjective assessment of pain, range of motion, and possibly X-ray or ultrasound images. The final treatment plan however is at the discretion of the clinician, who often bases their decision on personal experiences, and not quantitative standards.
INTRODUCTION
Rotator cuff disease is a common and costly condition, affecting more than 50% of the population age 60 and over.
1 Current belief is that rotator cuff disease is a degenerative condition, worsening with time. Clinical severity can range from partial to full thickness tendon tears. The impact of rotator cuff disease on a patient's quality of life, function, and comfort is comparable to that of congestive heart failure, diabetes, myocardial infarction, and depression as determined by numerous studies using the SF-36 health survey.
2 Early detection and intervention, including physical therapy, surgical treatment, or both, has been shown to improve the outcome of patients with this disease; however, from a biomechanical perspective, the critical stage of rotator cuff tear at which surgical intervention is recommended remains unknown. 3 Currently, clinical diagnosis and determination of disease extent is based primarily on the results of patient history, subjective assessment of pain, range of motion, and X-ray or ultrasound images.
1 Clinicians then use this information to classify and stage the disease to provide diagnosis and treatment recommendations as well as determine long-term prognosis. Detection and early treatment are critical; if left untreated rotator cuff disease can result in significant loss of shoulder function and range of motion. Therefore, recognizing the specific site of occurrence, size, and extent of the rotator cuff injury are important factors for determining the best outcome for the patient. 4 There is, however, little objective data upon which to base detection and staging, often resulting costly and unpredictable patient outcomes. The lack of diagnostic tools capable of providing quantitative assessment requires clinicians to make subjective decisions on the best course of treatment. Consequently, there is a lack of standardized diagnosis across physicians and thus inconsistent or incorrect staging of rotator cuff disease that can lead to unnecessary, inappropriate, and expensive treatments that may or may not benefit the patient. Available imaging technology aimed at improving the staging of rotator cuff disease may provide immediate clinical benefit; however, each modality has drawbacks. In many cases, MRI imaging is used for the differential diagnosis and measurement of disease extent. MRI is expensive, time consuming, and does not provide real time motion. MRI provides a limited analysis of the disease state at high cost, making MRI frequently impractical. In contrast to MRI, ultrasonography is a dynamic, reliable, noninvasive, widely available, and inexpensive technique for assessing soft tissue involvement in musculoskeletal disease. 5 Various rotator cuff diseases can be effectively evaluated and diagnosed using ultrasonography; however, accurate results are operator dependent and images often lack specific anatomic context, limiting their clinical utility.
6
Ultrasound imaging allows for the noninvasive, in situ assessment of tissue mechanical properties through a method called ultrasound elastography (UE).
7 While initial clinical applications of UE have been largely in tumor detection, its usefulness has recently increased in the musculoskeletal field. 8 In UE the ultrasound probe is used to exert pressure on the tissue being examined resulting in compression producing a strain within the tissue. When performing ultrasound elastography, images are obtained before and during tissue compression from which tissue strain can be calculated. By measuring the amount of tissue displacement and the applied force before and after tissue displacement, objective information regarding tissue stiffness can be obtained.
7, 9, 10
Classically, the clinical application of ultrasound elastography provides a qualitative measure of tissue stiffness.
11
In musculoskeletal applications the lack quantitative assessment requires clinicians to make subjective assessment of disease extent. Objective quantification of tissue stiffness would provide a useful tool for the characterization of tendon health and lead to standardization of diagnosis across physicians. Therefore, the purpose of this study is to further validate the developed force-measuring device in the quantification of the in situ tissue elastic moduli, utilizing it to evaluate the infraspinatus of twenty healthy volunteers.
METHODS 2.1 Study Population
The musculotendinous region of the infraspinatus of twenty male subjects (mean age 20 years; range 15-25 years) was examined. All subjects were asymptomatic organized baseball players. No subjects had any history of pain within the past three months, a history of tendon injury, or history of surgery on either shoulder. The institutional review board approved this study, and informed content was obtained from all volunteers.
Examination Protocol
The examination of all volunteers included B-mode scanning using the same commercially available ultrasound system (M-Turbo, SonoSite, Inc., Bothell, WA, USA) and the same transducer (HFL50x 15-6MHz) fitted with the developed force-measuring device. The volunteer was examined in the sitting position. The transducer was placed within the long axis of the infraspinatus muscle at the level of the posterior glenohumeral joint line, inferior to the spine of the scapula (Figure 1(a) ). Each ultrasound image was centered along the spinoglenoid notch, where standardized measurements were calculated (Figure 1(b) ).
During ultrasound examination, manual compression was applied to the underlying tissue using a freehand technique and images were stored as cine loops. Recording began with the tissue under no compression and continued until a maximal compression of the underlying tissue was reached (Figure 2 ). Correlating force data from the force-measuring device was recorded for the points of no compression and maximal tissue compression. Video of two separate compressions was obtained on the same day for a given volunteer. Volunteers were evaluated on two separate instances. In total four measurements for each tendon were made.
Data Analysis
The acquired ultrasound images were evaluated using a manually applied region of interest to segment tissue boundaries and determine local strain. The elastic modulus was computed using the calculated local strain and correlating applied force data. 
STATISTICAL ANALYSIS
Measured stress and elastic moduli were grouped based on the induced percent strain of the infraspinatus to account for the viscoelastic properties of musculotendinous tissue. The data was divided into three strain groups set at 5% increments: 10-15% strain, 15-20% strain and 20-25% strain. The division of the data included 92.5 percent of all data. For all analyses, p-values <0.05 were considered significant. Statistical analysis was performed using Minitab 16 Statistical Software (Minitab Inc.,State College, PA, USA). The variance of the measured stress within strain groups was analyzed using a Levenes test and One-Way Analysis of Variance (ANOVA). Variance of the elastic moduli for an individual and for the normal population were analyzed using One-Way ANOVA and Fisher tests.
In assessing the tissue biomechanics, we first examined the measured stress values within the three strain groups to access the reliability and function the device in vivo (Table 1) . No significant difference in terms of variance of the measured stress was demonstrated between the strain groups when compared ( Table 2) .
Examining of the determined elastic moduli of the infraspinatus within the normal population demonstrated that elastic moduli at percent strains less than 15 were significantly different than those above 15 percent strain within the normal population (p≤0.001). There was no significant difference demonstrated in elastic moduli for strain groups above 15 percent.
In looking at the elastic moduli determined for individual volunteers, the data from the first examination compared to the second examination demonstrated no significant difference (p>0.05). The histographical representation of the elastic moduli for the study population demonstrated a moderately symmetric, unimodal Elastic Modulus (kPa) (Figure 3) . The mean elastic modulus of the normal population was determined as 96.1 kPa.
DISCUSSION
The mean elastic modulus of 96.1 kPa was larger than elastic moduli values reported in the literature for the muscle, ranging from 1.8-57 kPa. 12 Tendoneous tissues have been demonstrated to have elastic moduli up to 1.2 GPa under ideal isometric contraction. 13 The musculotendentious junction of the infraspinatus exhibits mechanical properties of both muscle and tendon due to the integration of both tissue types at this location. Therefore the combination of mechanical properties is likely the reason for the larger than expected elastic modulus.
The significant difference between elastic moduli below 15 percent and above 15 percent is likely due to the viscoelastic nature of the musculotendinous tissue as well as possible difference in the loading of the stress on the underlying tissue. No significant difference was found for the elastic moduli for a given individual, however the histographical representation of the observed elastic moduli suggests that elastic moduli are variable across individuals and incidence. Therefore threshold values for b1oth healthy and diseased tissue will likely be a function of variation in local-tissue modulus as opposed to a specific global value.
This study has a number of limitations. First the study population (20 asymptomatic organized baseball players) was relatively small. Additionally, due the athleticism of the study population the elastic modulus values may not adequately depict the values that occur in the normal population. Second, in terms of ultrasound elastography the application of pressure to the probe to the underlying tissue has a relatively high operator dependency.
CONCLUSIONS
In this work we have demonstrated the reliability and consistency of our force-measuring device for the application of quantitative ultrasound elastography. Continued testing of healthy tissue will allow for a narrowed range of normal elastic moduli, aiding in the establishment of a threshold value for normal tissue. Subsequent testing of diseased tissue at various stages of disease progression will allow for the determination of a threshold value of the various stages of rotator cuff disease allowing an objective mean to mark tissues at risk. Our preliminary finding suggest that our ultrasound elastography system can be used as a reliable and accurate means to access in situ tissue biomechanics. Utilizing ultrasound elastography to stage rotator cuff disease would significantly decrease the societal cost associated with this disease resulting in a net reduction in the necessary treatment, and thus total cost of this common and debilitating condition.
